The rapid increase in anthropogenic greenhouse gas concentrations in the last several decades has caused observable changes in global climate on all continents. Carbon dioxide, the primary causative agent of climate change has increased from long-term mean average of 275 ppm to the current level of 400 ppm. About 85% of the current global energy production and use is based or derived from fossil fuels. If there is no concerted action by the global community, CO 2 levels could increase by 130% by mid century resulting in large-scale climate changes such as the disintegration of the West Antarctic ice sheet, large-scale coral reef bleaching, and shutdown of the ocean circulation system. Stabilization of CO 2 levels will require a deceleration in the rate of increase in fossil fuel consumption, and the use of emission-free power sources in the immediate future. The former can have immediate ameliorative effects, whereas the latter will require substantial investment in research and development to find and implement innovative technologies. However there are limits to technological solutions to sustainable development. Renewable energy technologies and low-carbon emission technologies will have material and environmental constraints with as yet undetermined consequences. In addition to technological solutions, it is important to develop needed social and political infrastructure to decrease future energy demand by controlling population growth and energy intensity.
Introduction
Energy has been used in many forms from time immemorial to sustain and improve the quality of life. In the preindustrial times, the primary energy sources such as human and animal muscle power, and wind and water power were all directly derived from the sun. Much of the carbon generated from photosynthesis was incorporated into soils, oceans, and stored in sinks or reservoirs as fossil fuel, and carbonates. The carbon dioxide concentration has been in equilibrium at a concentration of about 275 ppm in recent history, till about a century ago. The industrial revolution that began about three hundred years ago, has replaced wind and water powered technologies with fossil hydrocarbon based technologies. The progressive development of new stored energy sources and the conversion of heat energy into various other forms of usable energy have tended to increase human comfort, longevity, and population numbers. In the twentieth century, the human population quadrupled, and as a result of the steady increase in per capita energy consumption, the primary power consumption increased 16-fold 1 . Currently, coal, oil, and natural gas provide more than 80% of the world's energy needs. The amount of carbon dioxide in the atmosphere has increased from about 2,100 billion tons in the pre-industrial era to about 3,120 billion tons at present, resulting in a CO 2 concentration of about 400 ppm. There is a growing concern that such a high CO 2 concentration along with the presence of other anthropogenic greenhouse gas emissions is affecting the global climate in adverse ways. Observational evidence on all continents and most oceans indicate that natural systems are being affected by regional climate changes, in particular temperature changes. Physical, chemical, and biological structures of natural ecosystems are being affected in a manner that can have profound implications for the social and economic well-being of future generations.
Greenhouse gases include CO 2 , CH 4 , fluorinated gases (CFCs), SiF 6 , and N 2 O. Management practices and lifestyle changes must be implemented globally to arrest the rate of growth of emissions into the atmosphere. Agricultural practices such as reduced use of fertilizers, and the effective management of livestock wastes can reduce the emissions of methane and nitrous oxide. Substitutes for CFCs and SiF 6 must be found and used to minimize their impacts. While some of these greenhouse gases have high global warming potentials relative to CO 2 , the biggest contributor to global warming and climate change is CO 2 due to the sheer volume of the gas being discharged to the atmosphere. Stabilization of climate change is thus, by and large an energy use problem. The goal of this paper is to examine technological and non-technological means to reduce carbon dioxide emissions to the atmosphere from energy use
Energy availability and use
Fossil hydrocarbons oil, gas, and coal are by far the largest sources of energy in industrial economies. Oil and natural gas provide about 60% of the world's primary energy supply. Coal supplies the second largest share of world energy today after oil. Wind and solar energy, and biomass to ethanol conversion systems contribute about 1% each of world energy supply. Wood and dung burned for heat are the largest non-fossil energy sources. Nuclear power contributes about 6%, and hydroelectric power about 2%. Fossil fuels constitute about 85% of the energy used today.
The global energy consumption in 2010 was 540 exajoules (EJ). This is an increase of about 80% from the consumption in 1980. About 45% of the energy is used for low-temperature heat such as for cooking, drying, and building heat, 10% for high temperature industrial process heat, 15% for electric motors, electronics, and lighting, and 30% for transport. Energy demand is projected to increase by 65% in 2030 2 due to increasing global population and expanding economies. The world is not running out of energy resources 3 . The total global fossil fuel endowment is estimated to be huge at 13-15 trillion barrels of oil, 50 quadrillion cubic feet of natural gas, and 14 trillion tons of coal 3 . However, only a fraction of the total volume can be technically and economically produced. In the absence of drastic technological breakthroughs or carbon emission constraints, ~ 75% of the future energy demand in the 2030-2050 time-frame is expected to be met by fossil fuels. This can result in a substantial increase in the CO 2 concentration in the atmosphere with potential adverse consequences to climate stability. Global greenhouse gas (GHG) emissions have increased by 70% between 1970 and 2004, and another 8% since to 2011. CO 2 emissions have grown by about 110% in this period and represents 77% of the anthropogenic emissions in 2004 (Fig.1) . Direct GHG emissions from fossil fuel combustion (primarily petroleum) increased by 120%. Industrial emissions increased by 65%, and land use and forestry by 40%. GHG emissions from heating and electricity use in the buildings sector increased by 75% during the same period.
The goal of the United Nations Framework Convention 4 on Climate Change is to stabilize GHG concentrations at levels that avoid "dangerous anthropogenic interference with the climate system" 4 . Atmospheric CO 2 levels of 350-400 ppm and total CO 2 -eq levels as low as 445-490 ppm would be required to lower the risk of deglaciation and sea level rise, and minimize the impact on terrestrial ecosystems and global food production. Various future CO 2 stabilization level scenarios and their impacts on global mean temperature rise have been reported by the Intergovernmental Panel on Climate Change (IPCC) 5 . Figure 2 shows the expected temperature rise above preindustrial levels for GHG concentration levels ranging up to 750 ppm CO 2 (~1000 ppm CO 2 -eq). If the CO 2 concentration is allowed to climb and stabilize at about 600 ppm, the global mean temperature is expected to increase by more than 4 o C, and severe adverse impacts to the climate, global economy and terrestrial ecosystems can be expected. Food production will be impacted by floods and droughts, and the quality of life will be affected by water scarcity and poor water quality. 
Disaggregated Growth Factors
Carbon dioxide emission rate can be determined from the disaggregated growth factor equation, also known as Kaya identity: 2 2 
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Each of these factors and their projected growth rates need to be evaluated carefully in projecting future carbon emission scenarios. Population growth, economic growth, and energy intensity are key drivers in the growth of future CO 2 emissions. These three factors must be addressed in a political and social context. Fig. 3 shows the projected population trends for the world and subsets of high growth and low growth regions. It is clear that the high population growth projected for the less developed regions does not bode well for the mitigation of GHG emissions. The increased energy consumption in the coming years will negate any energy efficiency and emission control improvements. Fig. 4 presents the energy intensities for the different continents. Per capita energy consumption in North America is almost twenty times that of Africa, and about twice that of Europe. Energy consumption patterns must be critically examined especially in North America and also in Europe so as to achieve a steady decline in energy intensities in the next decade.
Energy intensity change has been constant to negative in North America and Europe, but has steadily increased for the last twenty five years in the Middle East and Asia. Energy intensity has almost doubled in these continents in the last twenty five years, and it is projected that this growth in energy consumption will continue into the 2030 forecasting time frame. Social and political infrastructure needs to be built at local levels in each country to address population growth rate concerns in the high population growth regions, and high energy intensities in the low population growth regions. The Energy Information Administration has developed a scenario where current laws and policies remain unchanged throughout the projection period from 2005 to 2040 1 . Figure 4 shows the marketed energy consumption by OECD and non-OECD countries, and projected CO 2 emissions. This projection assumes that fossil fuels will continue to provide much of the energy required worldwide, and the price of petroleum will rise from the current levels to about $93/bbl (2011 dollars) in 2015, and rise to about $155/bbl in 2040. The worldwide CO 2 emission under this scenario will increase from 28.1 Gt/yr in 2005 to 45.6 Gt/yr in 2040.
As engineers and scientists, our goals should be to develop innovative technologies to improve the efficiencies of existing energy conversion devices, and to develop low or zero-carbon emission energy sources that can provide energy security without attendant environmental consequences. Sustainable development has been defined as the combination of environmental protection and economic growth. We need to examine if technological solutions alone would suffice to solve this problem or if there are limits to technological solutions to attain sustainability. 
Renewable Energy Systems
Industrial societies have grown rapidly in the last century based on the exploitation of non-renewable materials and fuels. As the supply of fossil fuels is finite, dependence on this fuel source is inherently unsustainable in the long term. Moreover, the second law of thermodynamics predicates that a certain fraction of the energy input will be lost as waste with associated environmental consequences. Long-term sustainability can be guaranteed only if all the required energy is obtained directly or indirectly from the sun. Can renewable energy technologies be the panacea for world energy security and climate stability? IPCC estimates that in the absence of policy interventions to limit GHGs, several tens of terawatt (TW) power must be obtained from carbon free and renewable energy. Renewable energy technologies include hydroelectric power, solar photovoltaic and thermal systems, wind, biomass, ocean thermal, tidal, and geothermal systems 5 . The use of hydroelectric power is expected to increase in non-OECD countries with the construction of several dams in China, India, and Brazil. Renewables such as biomass and solar power systems suffer from low areal densities, and substantial resource input requirements. Photosynthesis has a power density of about 0.6W/m 2 , and this is quite low to contribute significantly to climate stabilization. The production of a terawatt of power from biomass will require about 10% earth's land surface, about the same as land used at present for agriculture, in addition to inputs of energy, water, and fertilizer 6 . The substitution of energy crops for agricultural commodities in the U.S. and elsewhere has caused global food shortages and large price increases.
Photovoltaic (PV) cells using crystalline and polycrystalline silicon, thin film solar technologies, or multijunction III-V solar cells are being used at sub-gigawatt energy production levels at present. Material shortages may limit their scale-up to the terawatt range 7 . While Si is abundant, polycrystalline Si solar cells require silver as contact material. Assuming a collection efficiency of 20%, and based on known silver reserves of about 570 ktons, the limit of power production is about 2.5 TWy using this technology. Thin film solar technologies are limited in scope by the scarcity of Te and In, two key electrode components. Morever, at about 10% efficiency, the land requirements are quite high. Multi-junction PV technology is being used on spacecrafts, and it has a very high efficiency of about 39%. A variety of substrates can be considered for use in these cells including Ge, Ga, In, and Au. Based on material limitations, the maximum power that can be produced is around 0.02 to 0.3 TWy.
Concentrating solar power (CSP) plants use parabolic mirrors to concentrate solar energy and heat a working fluid which transfers the energy to a thermal power conversion system. These systems are best located in areas receiving high direct insolation. It is estimated that about 1% of the world's desert land area can be used to generate world electricity demand to 2030 if transmission systems to consumption centers can be setup 5 . There is an installed capacity of 354 GW electricity generating capacity in California using over 2 million m 2 of parabolic mirrors. It is estimated that this technology has the potential to meet 5% of the world electricity demand by 2040.
Wind power provided about 0.4% of the electricity production in the U.S. in 2006, and 0.5% worldwide. Wind power installed capacity has been rapidly expanding in the last few years due to high fossil fuel prices, government subsidies, and improved technology. Major investments have been made, and is continuing to be made in Europe, Japan, China, India, and USA. Global wind generation capacity is estimated to be 72 TW based on an estimation of global distribution of winds at velocities higher than 6 m/s at an altitude of 80 m (Archer and Jacobson, 2005) . If 20% of this energy is captured, it could provide 100% of the current energy demand for all purposes 8 . Wind power is intermittent, and hence there is a need to provide reserve capacity using other energy sources. Moreover, other barriers such as land acquisition in the wind corridor, aesthetic concerns, and impact on bird species need to be addressed.
In the absence of international agreements to curtail CO 2 emissions, the renewable energy sector is not expected to reach its full potential in terms of meeting global energy demand in 2040. Under high petroleum and natural gas price scenarios, power generation may switch to coal and unconventional fuel oils from shale and tar sands. It is estimated that the share of world energy use from non-fossil fuels including hydroelectric power, nuclear energy, and renewables will increase from 16% in 2004 to 21% in 2040 2 .
It is commonly assumed that renewables such as biofuels, PV cells, and wind and hydroelectric power are environmentally benign energy sources. Large amounts of renewable resources including water and non-renewable materials such as metals, steel and concrete will be required to capture energy using the above technologies. Largescale biofuel farming can result in ecological damage due to ecosystem alteration and loss of habitat, leaching of fertilizers and pesticides, and energy consumption for crop planting, and harvesting, and processing. In addition, there may be unobvious and unintended consequences to the complex and diverse "dissipative structures" that are maintained in the biosphere by solar energy 9 . Thus, methodologies to reduce energy consumption by improving energy conversion efficiencies and lifestyle changes should be an integral part of policies to limit GHG emissions.
Energy Demand Reduction
Energy intensity and future energy demand reductions can be achieved by improving energy efficiencies, by reducing consumption through lifestyle changes, and by reducing population growth rates. Efficiencies of mature technologies can only be marginally improved as engineers over several decades have made considerable improvements. Electric generators and motors have efficiencies of 90% to 97%, whereas internal combustion engine efficiencies are about 15% to 25%. Fuel cells using H 2 can attain high efficiencies of 75 to 80%, but the production of hydrogen from fossil fuel or by electrolysis is an energy intensive process. Fluorescent lighting has an efficiency of 10% to 12%, whereas incandescent bulbs have an efficiency of only 1% to 2%.
In 2004, 31% of the total CO 2 emissions were from the buildings sector where electricity is used for lighting and air conditioning, and typically fossil fuel is used for building heat. Each kWh of electricity generated from coal requires 3 kWh of thermal energy, and results in the release of 1 kg of CO 2 to the atmosphere. If this energy is used for lighting, only about 1% to 2% of that energy is available as visible light. The eco-efficiency of this system is quite low at about 0.33%. 1.9 Gt of CO 2 are emitted worldwide from lighting. Future building designs and retrofits must maximize the use of solar daylight harvesting systems, and the use of photoelectric sensors to dim lights when daylight is available. Energy use by computers and consumer electronics items that are perpetually on or in standby mode waste significant amounts of electrical energy. About 40% of the energy used in the residential sector is consumed by these and household appliances. A computer in standby mode uses about 51 W of power. Standby and low power mode use by consumer electronics devices consume about 500 kWh/yr/household. Cumulatively, for 100 million households, this constitutes wastage of 50 billion kWh/yr. Energy must be used for needed purposes and not abused. Consumer education is key to understanding environmental implications and the wise use of energy resources.
The transport sector was responsible for 6.3 Gt of CO 2 emissions or 23% of the total emissions in 2004. Much of the transportation modes rely on liquid fuels, and the capture of CO 2 emission from dispersed units is not feasible at present. While considerable R & D activities are ongoing to shift to low or zero-carbon emission fuels such as CH 4 and H 2 , the low energy density of such fuels and the lack of refueling infrastructure makes such systems infeasible in the near term. R & D efforts must be undertaken to develop innovative methods to capture CO 2 from tailpipe emissions. Considerable efforts are being made to improve the fuel efficiency of road transport vehicles by the private and public sectors. At present, only about 1% of the energy supplied to an automobile is used to move a person from one place to another. Transformative transportation technologies will be needed in the future to develop transit and transport systems with much higher eco-efficiencies.
Individuals are by and large responsible for much of the CO 2 emissions through the consumption of primary energy in different forms. Energy intensity in the U.S. has increased by 60% since 1949, and any technological efficiency improvements have been subsumed by increased consumption. Societal awareness of the implications of increasing energy consumption on global climate should be imparted through public education. Substantial reductions in GHG emissions can be achieved in the more developed regions through lifestyle changes to reduce energy consumption.
Conclusions
Observational evidence indicates that global climate change is occurring at an alarming rate at the present time largely due to the discharge of CO 2 emissions to the atmosphere. Fossil fuels are expected to be the primary energy sources for the next two decades. In the business-as-usual scenario increased CO 2 levels can be expected to cause serious environmental damage. New and innovative technological solutions are needed to curtail carbon emissions through the use of renewable and low carbon emission energy sources. These technological solutions are likely to have material and environmental constraints and the potential for unforeseen environmental consequences. Green Engineering education should be a priority at higher institutions of learning to address these issues. Nontechnological solutions must be examined and implemented at local scale in every country to reduce energy intensity. Growth in both population and consumption need to be restrained in addition to technological solutions, to provide sustainable energy development for the future.
